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ABSTRACT 

During  these  three  years  project  we  have  made  a  very  significant  progress  in  our  research  program,  especially  in  the  theoretical 
understanding  of  the  microscopic  origin  of  the  noise.  Briefly,  we  came  up  with  microscopic  models  for  charge  noise,  critical  current 
fluctuations  and  quasiparticle  poisoning  which  include  a  completely  novel  physical  origin  of  these  noises.  We  also  proposed  a  model  for 
excess  low  frequency  flux  noise  which  agrees  very  well  with  all  existing  data.  We  established  strong  and  very  active  collaborations  with 
leading  experimental  groups  [NEC,  Tsukuba  (Dr.  O.  Astafiev  and  Dr.  Y.  Pashkin),  USCB  (Prof.  J.  Martinis),  UW-Madison  (Dr.  R. 
McDermott),  Insitute  Ne?el  GRENOBLE  (Dr.  O.  Buisson  and  W.  Guichard),  Rutgers  University  (Prof.  M.  Gershenson]  and  discussed  with 
them  specific  experiments  to  identify  the  sources  of  noise.  The  noise  measurements  planned  by  these  groups  will  provide  the  information 
that  will  pinpoint  the  origin  of  all  these  different  noise  types  in  the  next  few  years.  We  believe  we  are  now  at  the  crucial  point  in  our  noise 
origin  and  full  characterization  study. 
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Scientific  Progress 

The  goal  of  this  3  years  project  was  to  offer  theoretical  support  to  experimentalists  and  material  scientists  that  plan  to  perform 
the  experiments  in  order  to  identify  the  microscopic  sources  of  noise,  to  discriminate  between  different  theoretical  noise  models 
and  to  search  for  low  noise  materials. 

We  believe  we  have  made  a  very  significant  progress  in  the  theoretical  understanding  of  the  microscopic  origin  of  the  noise  in 
superconducting  circuits.  Our  major  accomplishments  have  been: 

-  we  have  identified  a  novel  microscopic  origin  of  the  charge  and  critical  current  noise:  Kondo-  like  traps  (KT)  formed  by 
localized  spins  at  the  Superconductor  Insulator  (SI)  interfaces  that  compete  with  more  conventional  charged  TLS  and  might 
dominate  the  Gaussian  part  of  the  observed  noise  in  superconducting  structures.  While  the  TLS  noise  exists  also  in 

the  normal  state,  the  KT  noise  is  specific  to  the  superconductors. 

At  present  it  is  unclear  which  mechanism  is  the  dominant  source  of  charge  noise  in  different  superconducting  devices  and 
materials.  Though  the  strongly  coupled  TLS  were  directly  observed  in  the  spectroscopy  of  the  phase  qubits  with  large 
Josephson  junctions  and  more  recently  of  Cooper  pair  box,  their  density  was  insufficiently  high  to  explain  the  low  frequency 
noise  in  the  small-junction  qubits,  especially  its  Gaussian  component.  We  showed  that  the  latter  one  can  be  well  explained  by 
KT  mechanism. 

Concerning  critical  current  noise,  our  estimates  of  the  critical  current  fluctuations  produced  by  TLS  in  the  insulating  barrier  show 
that  the  observed  noise  agrees  well  both  in  magnitude  and  in  temperature  dependence  with  the  resistance  fluctuations  in  the 
normal  state  measured  recently  in  the  Josephson  junctions  of  flux  qubits  but  it  is  not  sufficient  to  explain  the  larger  critical 
current  noise  observed  in  large  superconducting  contacts,  showing  1/f  low  frequency  (up  to  100  Hz)  noise  with  intensity 
increasing  proportional  to  the  junction  area  and  T  2  dependence.  Both  observations  can  be  explained  by  the  KT  mechanism. 
However,  a  complete  phenomenological  characterization  of  critical  current  fluctuations  is  still  missing.  In  particular,  it  would  be 
very  important  to  have  direct  measurements  of  the  noise  in  the  resistance  in  the  normal  state  and  the  critical  current  noise  in 
the  superconducting  state.  The  hallmark  of  the  KT  mechanism  is  the  appearance  of  the  additional,  almost  Gaussian, 
contribution  to  the  low  frequency  noise  in  the  superconducting  state. 

-  we  showed  that  the  KT  mechanism  might  be  responsible  for  a  very  slow  relaxation  of  quasiparticles  that  is  the  root  of  the 
"quasiparticle  poisoning"  because  it  leads  to  the  formation  of  the  strongly-localized  states  of  quasi  particles  at  the  SI  interface. 

In  particular,  it  seems  very  likely  that  the  puzzling  effect  of  the  normal  traps  attached  to  the  leads  on  the  quasiparticle  dynamics 
observed  in  a  number  of  recent  experiments  is  due  to  KT  mechanism  of  the  subgap  level  formation.  However,  a  more  direct 
experimental  test  is  needed  to  establish  it  firmly.  It  is  also  likely  that  this  novel  mechanism  explains  the  recent  data  on  the  slow 
quasiparticle  relaxation  in  high-Q  superconducting  resonators. 

-  we  proposed  a  theoretical  picture  for  the  excess  low  frequency  flux  noise  consistent  with  data  in  which  the  noise  is  due  to  the 
spins  at  the  SI  interface  coupled  via  RKKY  interaction.  In  contrast  to  the  alternative  models  this  mechanism  explains  many 
puzzling  features  of  the  flux  noise:  its  apparent  temperature  independence  down  to  20mK,  its  persistence  to  at  least  20  MHz 
and  the  rough  SQUID  loop  area  independence.  This  mechanism  generates  roughly  1/f  noise  in  a  broad  frequency  range  but  the 
details  of  its  spectrum  at  very  high  and  very  low  frequencies  need  to  be  computed  for  a  better  comparison  with  the  data. 
Qualitatively,  we  expect  that  the  samples  with  high  concentration  of  such  impurities  exhibit  spin  glass  ordering  (as  was  recently 
observed  in  Me.  Dermott  group)  and  lower  noise  at  very  low  temperatures.  Moreover,  our  theoretical  hypothesis  that  localized 
magnetic  impurities  in  the  vicinity  of  the  qubit  wiring  are  a  key  source  of  low  frequency  flux  noise  have  been  very  recently 
supported  by  experimental  results  by  Lanting  et  al.  which  show  that  qubits  fabricated  above  a  superconducting  ground  plane 
yielded  lower  noise  than  qubits  without  such  a  layer. 

-  we  have  identified  the  noise  properties  relevant  for  quantum  error  correction  and  information  protection.  In  fact,  an  important 
conclusion  of  our  theoretical  studies  is  that  all  the  major  sources  of  noise  of  present  superconducting  circuits  are  local  while 
their  effect  on  the  qubits  decreases  as  a  large  power  law  of  the  distance.  This  is  very  important  in  order  to  decide  strategy  to 
encode  and  process  quantum  information  in  superconducting  devices.  In  particular,  it  supports  the  view  that  one  does  not  need 
to  implement  recent  fault  tolerant  schemes  that  require  an  unrealistic  huge  redundancy  or  very  large  topologically  protected 
arrays  that  encode  information  in  the  noiseless  subspace.  Instead  it  might  be  sufficient  to  design  moderate  size  Josephson 
structures  that  suppress  only  local  noises  efficiently. 
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